and depression indicate the abnormalities are beyond the cerebellum (Pulst et al., 1996; Rodríguez-Labrada et al., 2016; Schmitz-Hübsch et al., 2011; van Gaalen et al., 2011) . The morphological study is essential to detect affected areas of SCA2 while exploring associations between affected areas in the whole brain and clinical manifestations of SCA2 may help us more deeply understand its pathophysiological mechanism, which has remained unknown until now.
Previous neuropathological findings have shown extensive atrophy of cerebellum, brainstem, basal ganglia, and frontal lobes in SCA2 patients (Estrada, Galarraga, Orozco, Nodarse, & Auburger, 1999; Martin et al., 1994) , but these postmortem studies may not well reflect abnormalities in vivo or the central nervous system alteration with the disease progression. Voxel-based morphometry (VBM), a processing technique of magnetic resonance imaging (MRI) that can detect regional morphological changes in the whole brain, has been commonly used to evaluate gray matter (GM) and white matter (WM) volume abnormalities in SCA2 patients (Brenneis, Bosch, Schocke, Wenning, & Poewe, 2003; D'Agata, Caroppo, Boghi et al., 2011; Goel et al., 2011; Hernandez-Castillo et al., 2015; Jacobi et al., 2013; Mercadillo et al., 2014; Nave, Ginestroni, Tessa, Cosottini et al., 2008; Olivito et al., 2018) . However, the findings of these studies are variable and conflicting. Some studies reported regional cerebral atrophy in frontal, parietal, and temporal lobes (Brenneis et al., 2003; Goel et al., 2011; Hernandez-Castillo et al., 2015; Mercadillo et al., 2014; , while some studies found brain volume reductions limited in the infratentorial regions such as cerebellum and pons (D'Agata, Caroppo, Boghi et al., 2011; Jacobi et al., 2013; Nave, Ginestroni, Tessa, Cosottini et al., 2008; Olivito et al., 2018) . The atrophy of mesencephalon and thalamus was also detected in a few studies (Brenneis et al., 2003; , and significant parahippocampal atrophy was demonstrated in one study (Mercadillo et al., 2014) . Although all of these neuroimaging studies reported GM and WM volume reductions in the cerebellum in SCA2, the neurological hallmark for SCAs, the predominant side and regions of cerebellum involved were inconsistent.
Therefore, a meta-analysis to identify the robust and consistent brain changes in SCA2 patients is essential. The anisotropic effect size-based signed differential mapping (AES-SDM) is a quantitative voxel-based meta-analytic tool for neuroimaging studies that has been widely used in various neurodegenerative diseases (Pan, Song, & Shang, 2012; Shen et al., 2016; Wang et al., 2015; Yang, Shao, Li, & Shang, 2014) . The present meta-analysis aims to identify the consistent GM and WM changes in SCA2 that had been detected in published individual studies using the AES-SDM method.
| ME THODS

| Data source and study selection
Systematic searches were conducted from January 2000 to June 2017 in the PubMed and EMBASE database using the combined keywords ("spinocerebellar ataxia type 2" OR "SCA2" OR "spinocerebellar ataxia 2") and ("voxel-based" OR "VBM" OR "morphometry"). 
| Data extraction
In each study, coordinates and their effect sizes (t statistics, z scores or p values) with significant differences between patients and HCs in GM and WM volume were extracted by two neurologists (namely, Qing Han and Jing Yang) independently according to the AES-SDM software tutorial. If there were disagreements, the third neurologist (Huifang Shang) would check the data and make a decision finally.
| Meta-analysis
The meta-analysis of included studies was performed in a standard process using the SDM software package (www.sdmproject. com) to compare the differences of GM and WM volume between SCA2 patients and HCs. In brief, we first converted all the other effect size (z scores and p values) into t statistics and then entered the data obtained into the SDM software. The GM volume analysis and WM volume analysis were performed separately and used different masks. Standard MNI maps were then created, and the mean map was calculated representing the weighted mean regional differ- 
| RE SULTS
| Included studies
After initially searching, the titles and abstracts with the search strategy, eight VBM studies (Brenneis et al., 2003 ; D'Agata, Caroppo, Boghi et al., 2011; Goel et al., 2011; Hernandez-Castillo et al., 2015; Jacobi et al., 2013; Mercadillo et al., 2014; Nave, Ginestroni, Tessa, Cosottini et al., 2008; were identified as potentially meeting the inclusion criteria. A detailed review of the full text was then performed, and two studies (Hernandez-Castillo et al., 2015; Jacobi et al., 2013) were excluded due to absence of stereotactic coordinates. As two of the remaining studies used the same group of research subjects, the one with smaller patients sample size was excluded. At last, five studies were included. Four from the five studies conducted VBM of both GM and WM volume analyses, while the last one study only studied GM volume difference between SCA2 patients and HCs. A total of 65 SCA2 patients and 124 HCs were included in the GM meta-analysis. On the other hand, there were 50 SCA2 patients and 109 HCs in the WM metaanalysis. The technical details of included studies and demographic TA B L E 1 Characteristics of VBM studies of SCA2 included in the current meta-analysis Note. M/F: male/female; SCA2: spinocerebellar ataxia type 2; VBM: voxel-based morphometry; mean ± standard deviation.
F I G U R E 1 Gray matter atrophy in bilateral cerebellar hemispheres, cerebellar vermis, the right fusiform gyrus, the right parahippocampal gyrus, and the right lingual gyrus. MNI: Montreal Neurological Institute; R: right; L: left characteristics of participants are summarized in Table 1 . In each of included study, no significant differences were found between two groups in terms of sex and age.
| Regional difference in GM and WM volume
As Table 2 .
| Sensitivity analysis
As illustrated in Table 2 , the whole-brain Jackknife sensitivity analysis revealed that GM volume reductions in all areas breaking down from the significant cluster were replicable in five studies, while WM volume reductions in most of all regions were replicable in total of four studies.
| D ISCUSS I ON
As far as we know, the present study is the first quantitative metaanalysis of VBM studies on both GM and WM volume differences between SCA2 and HCs. Our results identified consistent regions of GM and WM atrophy in SCA2 patients relative to HCs. The consistent GM volume reductions mainly concentrate on cerebellum and a few supratentorial areas (the right parahippocampal gyrus, fusiform gyrus, and lingual gyrus). The reductions in WM volume are detected in cerebellar medulla, cerebellar afferent fibers (middle cerebellar peduncles), and pyramidal system. The high replicability after jackknife sensitivity analysis confirmed the robustness of the findings.
| Volume reductions in cerebellum
Atrophy of cerebellum was almost reported in all SCA2 imaging stud- (Olivito et al., 2018) . All these findings above indicated that the atrophy of lobule VI/VII and Crus I/II detected in the current meta-analysis accounted for cognitive impairments in SCA2. However, only one study did report the cognition impairment of SCA2 patients (Mercadillo et al., 2014) .
Reduced volumes in cerebellar vermis (IV-IX) identified in the current study contains cerebellar vermal lobules VI/VII which have been reported to participate in control of eye movements (Jenkinson & Miall, 2010) . This finding is in agreement with ocular movement disorders in SCA2 patients. Atrophy of vermis is also a possibility linked to depression and other psychiatric symptoms in SCA2 patients, as the vermal lobule VII was reliably related to emotion processing (Stoodley & Schmahmann, 2009; Stoodley, Valera, & Schmahmann, 2012) .
It should be pointed out that we found larger reduced volumes in the right cerebellar hemisphere than those in the left. Such asymmetry was difficult to explain as most of included studies reported symmetric atrophy between the two cerebellar hemispheres. Perhaps, the coordinates of the regional volume reductions in the left cerebellar hemisphere showed the between-study heterogeneity, which would influence the result of the SDM approach. Future studies with larger sample sizes may help to verify the asymmetry.
| Volume reductions in supratentorial areas
A meaningful result of our study is the GM atrophy in the parahippocampal gyrus, reported once in VBM study of SCA2 (Mercadillo et al., 2014) . A previous voxel-based FDG-PET reported a metabolic decrease in the parahippocampal area in SCA2 patients compared with SCA3 and SCA6 patients (Wang, Liu, Yang, & Soong, 2007) .
Another study on SCA2 patients using diffusion tensor imaging (DTI)
showed higher mean diffusivity (MD) in WM of the parahippocampal area (Hernandez-Castillo et al., 2016) . In addition, a number of studies on other SCA types like SCA7 and SCA17 have found GM volume reductions in the region of parahippocampal area (Alcauter, Barrios, Diaz, & Fernandez-Ruiz, 2011; Hernandez-Castillo et al., 2013; Reetz et al., 2010) . It is reasonable to consider the atrophy of parahippocampal gyrus involving in memory formation and spatial analysis in SCA2 patients (Axmacher, Schmitz, Weinreich, Elger, & Fell, 2008; Qin et al., 2009 ). However, only one included VBM study (Mercadillo et al., 2014) reported the atrophy of parahippocampal gyrus in SCA2 patients, which showed significantly lower scores in cognitive measures than HCs.
The GM atrophy of fusiform gyrus is one of the other important findings in the current study. Fusiform gyrus and the parahippocampal gyrus were reported participating in ventral visual pathway (Op, Beeck, Haushofer, & Kanwisher, 2008) and playing important roles in visual processing and emotion regulation (McLachlan, Bousfield, Howard, & Reeves, 2017; Ward et al., 2014) . Some studies have been reported that SCA2 patients developed visual processing and emotion regulation impairment (Fernandez et al., 2000; Pira et al., 2007) . A FDG-PET study revealed reduced metabolism alterations in fusiform gyrus of patients with ataxia-telangiectasia (Volkow et al., 2014) , another ataxia with severe cerebellar vermis atrophy (Verhagen et al., 2012) . It may highly indicate the association between fusiform gyrus and cerebellar vermis. The atrophy of fusiform gyrus may be due to the cerebellar vermian deficits as functional connectivity between them has been reported (Sang et al., 2012) .
The lingual gyrus has been reported to be involved in the visual recognition and episodic memory (Kukolja, Goreci, Onur, Riedl, & Fink, 2016; Tao et al., 2013; Ward et al., 2014) . Significant GM volume reduction in the lingual gyrus was reported in patients with major depressive disorder . Previous resting state functional MRI studies also observed the associations between the lingual gyrus and psychiatric symptoms such as depression, loneliness, and anxiety (Lan et al., 2015; Liu et al., 2015 Liu et al., , 2017 . Although psychiatric symptoms were not reported in the five included studies, they are common in SCA2 patients (Alves-Cruzeiro, Mendonca, Pereira, Almeida, & Nobrega, 2016; Fancellu et al., 2013; SchmitzHübsch et al., 2011) . Therefore, the lingual gyrus may also play a role in emotional processing. It also suggests that future studies need more comprehensive assessments for cognition and neuropsychiatric symptoms on SCA2 patients.
In an interesting manner, all these volume reductions of supratentorial areas are located in the right side may implicate the interaction between these supratentorial areas and cerebellum through the ipsilateral networks as predominate right side of cerebellum atrophy was identified in our study and most of these supratentorial regions have been reported to be functional connectivity with different cerebellar subregions (Stoodley & Schmahmann, 2009 
| Volume reductions in middle cerebellar peduncles and pons
The middle cerebellar peduncles are the main afferent pathway to the cerebellum, composed by WM fibers originated from the contralateral pontine nuclei (Morales & Tomsick, 2015) , which are involved in corticoponto-cerebellar pathway contributing to motor control (Ramnani, 2006) . The previous studies using DTI found more 
| Limitations
Several limitations should be acknowledged in our study. First of all, studies from which we could not extract data and in languages other than English were not included. The heterogeneous and relatively small sample size of included studies might not reflect a standard SCA2 population. Second, the heterogeneity of different methods in VBM studies, including preprocessing protocols, smoothing kernels, and statistical thresholding methods, cannot be ruled out entirely.
Third, due to the incomplete information and heterogeneity of included studies, we did not make meta-regression analysis to explore potential correlations between the GM and WM regional volumes and clinical features such as age, CAG repeats, motor impairments, or cognitive functions. More studies on SCA2 with detailed clinical data in the future will improve the reliability of the meta-analysis. At last, all of the included studies were cross-sectional studies that only reflected static alterations of GM and WM volume in SCA2 patients.
In reality, a previous longitudinal study using tensor-based morphometry reported that from baseline to follow-up, SCA2 patients showed a progressive atrophy of GM and WM in the midbrain and cerebellum, but no volume loss in the supratentorial compartment compared to HCs (Mascalchi et al., 2014) . More longitudinal studies with large sample size are required to further understand the neuropathological progression of SCA2.
| CON CLUS IONS
The consistent findings from the present meta-analysis showed that GM volume reductions in SCA2 patients were mainly focused on cerebellum and a part of cortex in supratentorial regions related to several networks regulating cognitive functions and emotions.
The significant WM volume reductions widely existed in cerebellum along with its afferent pathways and pyramidal system. These findings provide morphological basis for further studies in SCA2.
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